An intravenous injection method to measure cerebral vascular ex traction fractions of highly diffusible substances in the rat is described. The brain extraction fractions of 3H-labeled water (Ewl and ethanol (Eel were de fined as the ratio of either of those tracers to the freely diffusible reference tracer, '4C-butanol, in the brain, divided by the ratio of the tracers available for the extraction during the time between simultaneous intravenous injection of Dr. Preskorn's present address is
the tracers and decapitation of the rat. Ew andEe were measured in five regions of brain, including brainstem and cerebellum, under PaC02 conditions ranging from 15 to 85 mm Hg. The extraction fractions for both test tracers were shown to vary with Paco2-induced flow changes according to the equation, In( I -El = -PSIF. When PSIF values calculated from regional measurements of Ew and Ee were plotted versus PaC02, least squares regression equations of the plots could be used to compare permeabilities of both tracers at any given Paco2 value. Ratios of the permeabilities of water and ethanol varied regionally but were relatively constant in a given region under different flow states. This intravenous injection method allows for accurate measurement of the extrac tion fractions of even highly diffusible tracers under varied flow conditions in all brain regions regardless of arterial blood supply. Key Words: Cerebrovas cular permeability-Extraction fraction-Indicator diffusion-Intravenous in jection. Oldendorf (1970) introduced a technique for estimating cerebral vascular permeability in the rat. The method employed the simultaneous injection of a radioactively labeled test tracer and a highly dif fusible, labeled reference tracer into the common carotid artery. Fifteen seconds after the injection, the rat was decapitated and the brain removed and analyzed by liquid scintillation spectrometry. This technique was shown to be useful for the identifica-tion and characterization of the cerebral vascular extraction of many substances (Oldendorf, 1970 (Oldendorf, , 1971a (Oldendorf, ,b, 197111972, 1972 (Oldendorf, , 1973a (Oldendorf, ,b, 1974 (Oldendorf, , 1976 .
The method, as it was originally described, has several limitations that preclude its use in the study of the regulation of cerebral vascular permeability and flow. First, it uses a diffusion-limited sub stance, 3H-water (Eichling et aI., 1974) , as the refer ence tracer. In that case, the measured brain uptake index (BUI) cannot be easily related to the test tracer permeability because the BUI is the ratio of the extraction fractions of two incompletely ex tracted tracers (Clark et aI., 1981) . Second, the use of a rapidly injected large volume of tracer solu tion affects cerebral blood flow (CBF), which in tum alters the extraction fraction of the test tracer (Har-debo and Nilsson, 1979; Clark et aI., 1981) . Third, manipulation of the common carotid artery affects cerebral hemodynamics due to temporary blockage of carotid arterial blood flow by the injection nee dle. Manipulation of the common carotid arterial bifurcation can, at least theoretically, affect CBF secondary to mechanical effects on the carotid sinus and vagus nerve. Finally, the analysis of tracer ex traction is restricted only to those brain regions that are directly perfused by the injected carotid artery.
Several of the limitations have been overcome by modification of the carotid injection method. The use of radiolabeled butanol, a freely diffusible molecule (Raichle et aI., 1976; Sage et aI., 1981; Van Uitert et aI., 1981) , as the reference tracer solves the problem of a diffusion-limited reference tracer. Smaller injection volumes and nonobstructive in jection methods, either micro-needle common ca rotid injection (Clark et aI., 1981) or retrograde ex ternal carotid injection (Hardebo and Nilsson, 1979) , solve the problems of artifactually altering CBF. Because of the remaining disadvantages of carotid arterial injection methods, a new technique was developed for administering the tracer solu tions. The procedure employs a peripheral intrave nous injection route that allows even distribution of the tracer mixture to all brain regions without mechanically influencing the arteries leading di rectly to the brain.
METHODS
Male Sprague-Dawley derived rats, 200-350 g, were anesthetized with intraperitoneal chloral hy drate (500 mg/kg) or with chloroform in a closed jar. Those animals induced with chloroform were paralyzed with tubocurarine chloride (1.5 mg/kg, i.p.). They were then intubated with flexible poly ethylene tubing through a tracheotomy and con nected to a rodent ventilator (Harvard Apparatus Co., Millis, MA) that delivered a variable gas mix ture of nitrous oxide (60-70%), oxygen (20-30%), and carbon dioxide (0-10%) controlled by a small volume gas flow mixer (Aalborg Instruments, New York, NY). The right femoral artery and left femo ral vein were catheterized with heparinized PE 50 polyethylene tubing. The femoral artery catheter was used to monitor blood pressure and to obtain arterial blood samples. Body temperature was monitored with a rectal thermistor probe and main tained at 37 ± OSc. 1982 After the rats had been ventilated with the desired gas mixture for at least 15 min, they were placed supine in a small animal guillotine. Blood samples were collected at this time in heparinized 100 pJ capillary tubes and kept at OC C until blood gas de terminations could be made with an IL-l13 gas analyzer (Instrumentation Laboratory, Boston, MA). The radioactive tracer solutions were injected into the venous catheter using a 1-cc syringe. The injection consisted of 200 /LI of solution adminis tered over a period of 0.5 s. The 3H-Iabeled tracer (either water or ethanol) was injected in activities ranging from 5 to 10 /LCi, and the activity of 14C_ butanol ranged from 0.5 to 1.0 /LCi. The arterial sampling for blood radioactivity was begun immedi ately before the injections, allowing the femoral ar tery catheter to drain into a heparinized glass vial until the rat was decapitated. Immediately after de capitation, the brain was removed and dissected into medulla-pons, diencephalon, cerebellum, ros tral telencephalon, and caudal telencephalon. All samples, including an aliquot of the arterial blood sample and an aliquot of the injection solution, were prepared for liquid scintillation counting by disso lution in NCS® (Amersham, Arlington Heights, IL). The samples were neutralized with acetic acid and counting was done in Scintiverse (Fisher Scientific, St. Louis, MO) using external standard-based quench correction.
RESULTS

Measurement of Arterial Tracer Ratios After
Intravenous Injections: Effects of Time
In single passage experiments performed by in jection of tracers into an artery supplying the brain, the ratio of test to reference tracer entering the brain vasculature is assumed to be unaltered and therefore equal to the ratio of tracers injected. When intravenous tracer injections are employed, that assumption cannot be made because the tracer mixture must pass through the pulmonary capillary bed before being distributed to the cerebral circula tion. It is possible, however, to obtain a continuous arterial blood sample from the time of intravenous injection until decapitation. The external carotid artery is an excellent source for arterial blood sam ples representative of blood entering the brain be cause it is a major noncerebral bifurcation of an artery that directly supplies the brain. The ratio of The ratios are expressed as x ± SEM.
the quantities of the two tracers measured in an aliquot of the continuous blood sample is equivalent to the ratio of the quantities of both tracers that enter the brain vasculature over the period of ex traction, and can therefore be used as the de nominator of Eq. 1 for calculating the extraction fraction of the test tracer (Et).
Et
where Qt a /Qr a is the ratio of the quantities of test to reference tracer available for extraction into the brain during the experimental time period and Qtb l Qrb is the ratio of the tracers actually extracted into the brain. A series of experiments was performed to test whether the ratios of tracers delivered to both the external carotid and the femoral arteries over a given period after injection would differ. The sam pling period was varied to test if the equivalence or variance of ratios would be time-dependent.
The basic method has been described in the Methods section. After anesthesia was induced with chloral hydrate, an 8-cm PE 50 heparinized catheter was placed in the right femoral artery and an 8-cm PE 10 catheter was similarly placed in the left ex ternal carotid artery. The rats were then positioned in a guillotine and were injected with 200 fLl of a 3H-ethanol and 14C-butanol mixture through aPE 50 catheter in the left femoral vein. Arterial samples were collected continuously in heparinized glass vials during the time between injection and decapi tation.
The tracer ratios measured in the external carotid collection were compared with those in the femoral collection at the different times shown in Table 1 . For any of the collection times, the ratio of 3H ethanol to 14C-butanol collected in the external ca rotid artery was essentially the same as the ratio collected in the femoral artery. The 3H-ethanol/ 0.989 ± 0.009 1.017 ± 0.018 1.057 ± 0.012 1.009 ± 0.046 1.103 ± 0.051 14C-butanol ratios collected in the external carotid artery were also compared (Table 1) with the initial 3H/14C ratio that was injected into the vein. At 5 and 10 s, the ratio of tracers collected from either of the two arteries was essentially the same as the ratio of tracers that was initially injected. As collection times were prolonged, the 3H-ethanol/14C-butanol ratio collected in the arteries gradually became greater than the ratio injected into the femoral vein.
The importance of the above experiments is twofold. First, it was shown that there is pro portionate distribution of the two diffusible trac ers throughout the systemic arterial circulation after an intravenous injection. Therefore, a con tinuous femoral arterial blood sample taken over any time period is representative of the blood en tering the brain during that time period, and the tracer ratio taken from that pooled sample can serve as the denominator in Eq. 1. Second, it was shown that for periods of up to 10 s, the 3H-ethanol/14C butanol ratio collected from either sampled artery was essentially the same as the ratio of tracers in jected. This observation indicates that sampling of arterial blood may not be necessary under some conditions because the sample ratio equals the in jected ratio if the time between the intravenous in jection and decapitation is lOs or less.
Determination of the Optimal Time Between
Tracer Injection and Decapitation for the
Measurement of Et
Further analysis of the preceding experiments was performed to determine the best time over which to measure the extracted fraction of test tracer. Brain tissue samples from the rats used in the timed arterial sampling study were analyzed by liquid scintillation counting to determine their 3H_ ethanol/14C-butanol ratios. Nine additional rats were intravenously injected with 3H-water and 14e-butanol exactly as described in the arterial sam- pIing study. The brain regions studied in all cases were the medulla-pons and the diencephalon, which are supplied by the vertebral and a combination of vertebral and carotid arterial systems, respectively.
The data are expressed in two ways in Table 2 . The columns labeled "Et (injected)" give the mean extraction fraction for the test tracer, either ethanol (Ee) or water (Ew), calculated using the injected tracer ratio as the denominator of Eq. 1. The col umns labeled "Et (arterial)" give the mean extrac tion fraction for the test tracer, calculated using the tracer ratio measured in the arterial samples as the denominator of Eq. 1. Comparing the Et (injected) and the Et (arterial) in the two brain regions, it can be seen that at both 5 and 10 s after injection, these two values were essentially equal for ethanol, as would be expected from the data in the previous experiments that showed the arterial sample ratios to be equal to the injected ratios of the tracers. This comparison also held for the 3H-water extraction measured at 10 s.
The lowest values for Ee (injected) and Ee (arte rial) in both brain regions were measured at 10 s. These values were slightly lower than those mea sured at 5 s, and as the time for extraction increased from 20 to 60 s, the calculated extraction fractions for ethanol became greater than 1.0. The Ee values measured at 5 s may have been slightly elevated because the quantity of uncleared test tracer in the brain vascular compartment was high in relation to the quantity that had already equilibrated with the brain tissue. By 10 s after injection, enough labeled blood had passed through the brain tissue, leaving only a small proportion in the uncleared cerebral vascular volume. The calculated Ee began to rise at 20 s and continued to increase through 60 s, indi- 1982 cating that differential washout of the test and refer ence tracers was occurring. The optimal time for measurement of Eb therefore, was empirically de termined to be 10 s after intravenous injection of the tracer mixture.
Maintenance of Tracer Ratios During Hyperventilation
Tracer ratios were measured in the femoral arte rial blood of mechanically hyperventilated rats to determine if the increase in pulmonary air exchange induced changes in the ratio secondary to possible differences in air:blood partition coefficients be tween the two tracers. The data in Table 3 show that hyperventilation has no effect on either the 3H water/14C-butanol ratio or the 3H-ethanol/14C butanol ratio in the blood.
The Effect of PaC02 on PS/F of Water and Ethanol A series of experiments was performed measur ing Et at different Paco2 values to investigate the extent to which Et measured by the intravenous in jection technique could reflect alterations in cere bral blood flow rate. 3H-ethanol was used as the test tracer. Although highly lipid-soluble, ethanol is still diffusion-limited at most flow rates in the cerebral vasculature (Raichle et aI., 1976) . Different P aC02 levels were attained in the rats by altering the ventilatory rate and the composition of the inspired gas mixture. Hypocapnia was induced by hyperventilation. Hypercapnia was induced by adding carbon dioxide (5 -10%) to the inspired gas mixture, thus increasing the PaC02 without con- The extraction fraction of ethanol (Ee) was calcu lated for each of the sampled brain regions.
Radioactivities in all brain regions were pooled to calculate total brain Ee.
Under circumstances where the blood flow rate was greatly reduced by hypocapnia, the calculated Ee at times became greater than 1.0, especially in the cerebellum. Because an extraction fraction of greater than 1.0 is a theoretical impossibility, efforts were made to determine the source of this error.
Gas chromatographic analysis was performed on the 14C-butanol used in these experiments; it re vealed that not all of the HC migrated with the butanol peak, and some of the chromatographed radioactivity could not be recovered from the col umn. This was taken as evidence that the 14C_ butanol was contaminated with other 14C-Iabeled entities that were probably far less permeable than butanol. Quantitation of the contaminant was dif ficult, although it was estimated to be less than 10% of the total radioactivity. Therefore it was decided to define empirically a correction factor by measuring Ee under conditions of low blood flow rate and determining the percentage required to cor rect Ee to 1.0, the value that would be measured when the less permeable test tracer lost its diffusion limitation. This correction factor (1.07) was multi-plied into the denominator of Eq. 1 in all calcula tions of Et• The empirical determination of a cor rection factor may be necessary with each new lot of HC-butanol used.
The regional and total brain extraction fractions were then converted into PS/F values by
(2)
where P t is the permeability coefficient of the test tracer, S is the capillary surface area and F is the capillary flow rate.
The relationships of PeS/F to PaC02 for the vari ous brain regions are graphed in Fig. 1 . These data show a definite and consistent relationship between
PeSIF and PaC02 in these areas of brain. Least squares regression curves were plotted according to the power function transformation, P eS/F = a(PaC02)b. The correlation coefficients for that transformation ranged from -0.79 to -0.95 (p < 0.001) in the different brain regions.
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fi= 20 S P CO -. 59 The PwlPe ratios were calculated from the PSIF data in Figs. I and 2. Since the values are being compared at identical Paco, and in identical brain regions, the PSIF ratios reduce to the P ratios because the F and S variables cancel.
in states of hypocapnia, normocapnia, and hyper capnia are shown in Table 4 .
DISCUSSION
The investigation of cerebral vascular per meabilities of highly diffusible molecules requires the accurate measurement of the extraction fraction (Ea of those molecules. The measured values for Et must also accurately reflect the effects of differ ences in flow (F ) and of any differences in perme ability (P) induced by physiological, pharmacologi cal, or pathological changes.
There are several criteria for evaluating any method of measuring Et• Since Et is inversely pro portional to F according to Eq. 2, the extraction fraction of a diffusible tracer should vary in a pre dictable manner with alterations in F, unless the P of the tracer changes. Eichling et al. (1974) showed that Ew, measured by external detection methods for I50-water in the rhesus monkey, varied with flow alterations induced by changing PaC02' The PS of water, however, was unaltered by hypocapnia or hypercapnia. In similar experiments, Raichle et al. (1976) reproduced the same pattern of Et responses to changes in Paco2 when measuring the extraction fractions of llC-labeled methanol, ethanol, and isopropanol. The method used in their studies is notable in that it measured Et and F independently, but the Et and F values measured at different P aC02 levels defined a constant PS when substituted into Eq. 2. There is some recent evidence that PS may rise somewhat with increasing F induced by in creasing Paco2 (Raichle, unpublished observations) . This increase in P S probably relates to changes in S . Grubb et al. (1974) further related CBF to mean vascular transit time (tv) using sequential injections of I50-water to measure CBF, preceded by 150_ . carboxyhemoglobin to measure the transit time of a J Cereb Blood Flow Metabol, Vol. 2, No. 2, 1982 nondiffusible vascular marker. They noted that the relationship between the two variables was not linear, but a power function, tv = 41(CBF)-O.6 2 . They also demonstrated that CBF varied linearly with Paco2 in the range of 15-85 mm Hg. There fore, if tv is plotted linearly with Paco2 from the raw data presented in their paper, the relationship is also a power function, tv = 48.3(Paco2)-o.71. Mean vas cular transit time does not vary linearly with CBF because vascular transit time is largely a function of vascular resistance, or surface area, while CBF is a function of both vascular resistance and vascular volume, or surface area and volume. According to Eq. 2, Et in any capillary varies inversely with the flow, F, through that capillary. At the level of the individual capillary, the principal factor in the flow term, F, is the vascular transit time, or the rate of passage through the capillary length. Therefore Et is a function of the capillary transit time and should bear a relationship to P aC02 similar to that of the mean vascular transit time. Because there is little or no alteration of PS when the Paco2 is changed, PS/ F should vary as a function of F. Indeed, the plots of PS/ F versus Paco2 from the data in the present study are remarkably similar to the plot of tv versus Paco2 from the data of Grubb et al. (1974) . There fore, the method described in this paper is capable of accurately measuring Et such that variations in F due to changes in P aC02 alter the measured Et in a predictable manner when either 3H-water or 3H_ ethanol is used as test tracer.
Another test of the accuracy of a method for measuring Et is its ability to discern differences in permeability. For the purpose of testing the intra venous tracer diffusion technique used in this study, there was no accepted, reproducible, method of al tering tracer permeability analogous to the changes in F induced with Paco2 variation. Therefore, two tracers of different permeabilities, water and ethanol, were used. Raichle et al. (1976) measured PS for 150-water and ltC-ethanol in the cerebral cortex of the rhesus monkey as 136 ml! 100 gm min-I. and 18 1 mlJ100 gm min-I, respectively. Since the surface area over which the extractions were mea sured was the same for both tracers, the ratio of the PS products is essentially the ratio of the perme ability coefficients of the two substances. In that instance, P w/P e was equal to 0.75. That ratio re mained constant even when F was varied by Paco2 alteration.
If capillary permeabilities in rat brain resemble those of monkey, it would be expected that the ratio of P w/P e observed in the rat should be similar to that observed in the monkey. The data from the experi ments in the present paper were plotted as PS/F versus Paco2 for both water and ethanol. Each of five regions of brain plus the entire brain were analyzed separately for both tracers. The P w/P e ratios varied among the different brain regions at a given Paco2 but did not vary within regions when normocapnic and hypercapnic animals were com pared (Table 4 ). In the telencephalic regions, the normocapnic Pw/Pe ratio was 0.74 in the rostral half and 0.76 in the caudal half. The hypercapnic ratios were 0.72 and 0.74, respectively. These values were virtually identical to the P w/P e ratios obtained by Raichle et al. (1976) in similar brain regions in the monkey. Brainstem and diencephalon P w/P e ratios indicated that in those capillary beds, water and ethanol permeabilities were less different, and in the cerebellum they were almost identical. When com paring brain areas, differences in the regional ex traction fractions of either or both tracers can be explained on the basis of regional differences in P and/or F.
According to the formulation of Sangren and Sheppard (1953) , the essential element of blood flow that determines the extraction fraction of a diffus ible substance is the rate of transit of that particular labeled substance through the length of an indi vidual capillary, or, in a large region of tissue, the average rate of transit through all of the capillaries in that tissue (Renkin, 1959; Crone, 1963) . Values for volumetric flow determined in separate experi ments have no relationship to the F in Eq. 2 unless the extraction experiments are done in the same regions of tissue, with the same capillary surface area, and under identical experimental conditions. Those criteria were fulfilled in the system used by Raichle et al. (1976) because E and F were mea sured simultaneously. Equation 2 still applies when volumetric flows are used, but the surface area function is dependent upon the number of capil laries present in the tissue. When individual or mean capillary flow rates are used, the surface area function corresponds to the surface area of the av erage individual capillary and is probably relatively constant throughout the brain.
Another important consideration in understand ing the intravenous injection technique is the vas cular washout of extracted tracer. If both the test and reference tracers have relatively similar per meabilities, the technique works well when the op timum time course is used. It was shown, however, that if the time after injection is prolonged, the ex traction fraction of 3H-ethanol appears to increase secondary to a preferential washout of 14C-butanol. Thi� phenomenon will be accentuated in cases where the extraction fraction of the test tracer is low and will be even more marked if it is irrevers ibly accumulated, as with 2-deoxyglucose (Sokoloff et aI., 1977) or has a prolonged residence time, as would be seen with certain essential metabolic sub , strates.
Study of any new test substance with the intrave nous technique will require an optimum time course study similar to the one described for 3H-ethanol. The optimum time is the period in which the Et has the lowest value. At time periods before the op timum, Et will be falsely elevated because a large proportion of the tracer will not have traversed the brain vasculature. Later, after the optimum time period, the Et may again falsely rise because of preferential washout of the more permeable refer ence tracer.
Using two different test tracers, such as 3H-water and :lH-ethanol, can be of great utility in examining physiological, pharmacological, or pathological states in which changes in capillary permeability or flow rate are suspected. If such alterations in state affect the flow rate alone, the proportional change in PS/F of both tracers will be constant with time, since flow changes will have the same time course and dose response regardless of the tracer being used. If, on the other hand, the permeability to either tracer is affected, the PSIF ratio of the two tracers will not remain constant, and both tracers will have different time courses and dose responses, unless both are affected to an equal degree (Pres korn et aI., 1980; Clark et aI., 198 1) .
The intravenous injection technique has been used in this laboratory (Preskorn et aI., 1980) to study regional effects of the tricyclic antidepres-sant, amitriptyline, on the extraction fraction of water. Ew was measured in all brain regions 5 min after administration, 125 fLmoVkg, i.p., of the drug. This was the time at which the maximal increase in Ew was seen in the forebrain using a small-volume intracarotid injection method (Preskorn and Hartman, 1979) . All five brain regions examined, including brainstem and cerebellum, had significant increases in Ew 5 min after the amitriptyline treat ment. These amitriptyline data are additional evi dence that the intravenous injection method is ca pable of detecting induced alterations in cerebral vascular permeability.
The intravenous injection technique described in this paper represents an important advance over existing methods for the study of cerebral vascular permeability in small animals. It measures the ex traction fractions of highly diffusible molecules in a way that reflects alterations in capillary blood flow rate induced by variation of P aC02 and by differ ences in vascular permeability. Of even greater im portance, however, is the fact that these mea surements can be made simultaneously in all re gions of the brain, including the areas supplied by the vertebral-basilar arterial system.
